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A INTRODUCTION 


During tha paat year* a naw range of investigation 
haa baan opened by the application of 
electromagnetic localization techniques to the 
field of thunderstorm remote sensing. VHF 
localization techniques were used in particular 
for the analysis of lightning discharges and gave 
for the first time acceea to time resolved 3D 
images of lightning discharges within 
thunderclouds . 

The French national agency for aerospace research 
(ONERA) has been active for more than ten years in 
this domain. It developped systems based on the 
principle of VHF interferometry for research in 
lightning physics and thunderstorm phenomenology. 
Today theee techniques are used for operational 
applications. The DIMENSIONS company, a spin-off 
of ONERA, develops thunderstorms monitoring and 
lightning warning systems for use in fields such 
as aerospace, industry, military activities and 
meteorology. 


collisions and to their separation by differential 
vertical motions within the cloud. These 
processes result in a tripole electrical structure 
with a main negative charge around 6 km at the 
-15*C level , a poaitive charge in the upper part 
of the cloud from 8 to 12 kilometers and s small 
positive charge at the cloud base (Xrehbiel , 1986) . 
winter thunderstorms have a similar structure, 
somewhat tilted, but over a smaller vertical 
axtent . 

The electrification of the thundercloud creates a 
strong electric field (Figure 1 (A]). It can 
exceed 10 kllovolte per meter on the ground in the 
vicinity of the thunderetorm, and reaches several 
hundred kilovolts per meter within the cloud. 
This Initial electrification phase can last less 
than 10 mn. The active phase starts with the 
first intra-cloud discharges (figure J [B]) which 
occur when and where the conditions within the 



Fig 1: Typical phases in the development of a 
thunderstorm 

B PRINCIPLES 

TYPICAL DEVELOPMENT OF A THUNDERSTORM CELL 

Thunderstorms are convective clouds created by the 
thermal Instability of a humid air mass. They are' 
made of convective cells. These cells develop 
very rapidly, they last a few tens of minutes, 
grow up to altitudes of 10 to 15 km and have a 
diameter of about 10 km. Thunderstorms are 
frequently multicellular, they can extend over 
tana or hundreds of kilometers and last several 
hours . 

During its development a thunderstorm ceil 
presents very strong updrafts (up to 50 m/s) 
carrying up precipitation particles such as ice 
crystals, supercooled droplets and graupele. 

The main electrification process of the 
thundercloud during its development is due to the 
charging of graupele and ics crystals by 


cloud (strong electric field and presence of 
hydrometeors) are sufficient for the production 
of lightning discharges. During the first pert of 
the active stage, the vertical development of the 
thundercloud goes on. The activity is mads of 
intra-cloud discharges occuring between the main 
negative and the upper positive charge regions. 
They have been observed to be well correlated with 
the upward development of the thundercloud and are 
most Invigorated In the presence of updrafts 
carrying precipitation particles. Their rate 
increases until the cell reaches its maximum 
vertical development (Figure i (CJ). 

Intra-cloud lightnings are thus the principal 
electrical manifestation of these charged and 
convective zones. They radiate electromagnetic 
waves over a vary wide frequency spectrum and can 
be detected and located at long range. 

In multicellular thunderatorma , intra-cloud 
lightnings can extend over very large distances 
( several tens of kilometers) between cells, within 
the anvil or in the dissipating part of the 
thundercloud. Intra-cloud lightnings are much more 
frequent than cloud to ground lightnings, they 


22-1 


ORIGINAL PAGE IS 
OF POOR QUALITY 


typically represent 70 to 90 % of the totai. 
lightning activity of a thunderstorm. 

Firat cloud to ground lightnings are usually 
observed 5 to 30 minutes after the firat 
intra-cloud lightnings, during or after the 
thundercloud maximum development. They are due to 
the subsequent dsscent of precipitation particles 
below the main negative charge layer. At this 
moment the intra-cloud activity rate begins to 
decrease and the cloud to ground rate increases 
(Figure 1 [0] ) . Cloud to ground lightning activity 
culminates during the decay of the thunderstorm 
cell, it is accompanied in severe thunderstorms by 
strong downdrafts and intense precipitations at 
ground level; these severe phenomena have been 
observed to follow the peak intra-cloud activity 
with a delay of 5 to 10 minutes (Williams et al, 
1988) . 

KLSCTROKAainrric radiation from lightning 

Lightning discharges produce electromagnetic 
radiation over a very large frequency spectrum. 
The overall spectrum of lightning peaks at a few 
hundred kHz and extends up to the Ghz with a 1/f 
dependence. The electromagnetic emissions are due 
to the occurence of intense and rapidly varying 
currents within the lightning channels. 

The most power full radiation is the pulse produced 
by the return stroke wave during cloud to ground 
flashes. This wave typically occurs when a 
pre-ionized leader channel, progressing downward 


from the thundercloud, reaches the ground. At 
this moment an Intense current propagates upward 
within the lightning channel at about 1/3 the 
velocity of light. The current waveform has a 
typical risetime of a few p s and a peak value of 
several tens of kA. This phenomena radiates at 
low frequency, mainly below 1 MHz. This 
radiation is used principal/ for the measurement 
of the characterlstica of the cloud to ground 
return stroke current (psak value, polarity, 
energy...) and for the long range localization of 
lightning strokes to ground. 

But lightning discharges radiate much more 
frequently at higher frequencies. The radiation is 
made of very short pulses of a few ns risetime, 
they cover the whole Hr-VHF-UHF spectrum. These 
radiation pulses come from all along the 
lightning channels during their formation, or 
during the rspid propagation of a current wave 
within an existing pre- ionised channel . They are 
mainly due to fast transitions occuring between 
low and high conductivity phases of the lightning 
channel plasma in negative polarity breakdowns. 
They are observed in all types of lightning 
flashes (intra-cloud and cloud to ground), and in 
moat phases of a discharge (preliminary 
breakdowns, stopped leader, dart leader, recoil 
streamer and raturn stroke). These pulses usually 
occur in bursts lasting from a few hundred pa to 
several ms; the pulse rate can range from a pulse 
every 50 ps up to several tans per ps. 



3 -D inaging of propagating discharge* during 20 alnutas 
of atom activity 












\ 

i 

\ 







T 

\ 

✓ 

- i 1 

•\ 

J 







i 

i: 








\\ 

4 

\ 

1 

T 







Cloud to ground raturn itrokaa (2-D) 
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Fig 2: Examples of results obtained 


Hlstograa of discharge propagation valoclties 
with 3D VHF interferometry 
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VHF detection and location techniques hava baan of 
great intaraat for tha analyais of lightning 
diacharga* propartiaa, in particular within tha 
thundercloud, whara pravloua optical techniques 
were inaf fectives , and which contain the large 
majority of lightning diacbargaa phenomena. Figure 
2 presents aoma of tha raaulta obtainad at ONERA 
with a 3D Interferometer, it illustrata* some of 
tha main charactariatica of lightning dischargee. 

THE INTERFEROMETRIC TECHNIQUE 

Naaaumant principlaa - Zntarfaromatry is baaed 
on tha maaauramant of phaaa diffarancaa between 
signals racaivad on different antennas of an 
antenna array. Thaaa phaaa diffarancaa are 
diraetly related to the direction of arrival of 
the eignal and are used to calculate tha angular 
poeitlon of the source in azimuth and alevation. 
2D or 3D spatial location can than bs obtainad by 
the combination, through triangulation, of angular 
data given by at least two different 
interferometric stations. 

Charactariatica and advantages 

Tha main advantage of this type of measurement 
is that it ia independent of tha signal wave 
form sines maaauramant ia only made on the 
alactromagnatic wave phase. This is to be opposed 
to other modes of radio localization using 
amplitude measurements and wave form 
identification. Interferometric localization is 
thus not tributary to tha identification of a 
typical wave form and can be made on any type 
of radiation from lightning phenomena. In 
addition tha use of tha VHF frequency range allows 
the localization of a large variety of atmospheric 
discharges phenomena in this band and the fine 
reconstruction of tha spatial structure of 
lightning discharges in its different phases of 
development . 


C APPLICATIONS TO THUNDERSTORM MONITORING AMD 
LIGHTNING HARMING 


Detection and localization techniques developped 
at ONIRA during lightning research programs havs 
baan applied to tha design of tha SAFIR system. 
This development had for main objective the design 
of an operational system capable to assess and 
warn in real-time for lightning hazards and 
potential thunderstorm hazards. 

Tha basic principle is that all along the 
development of a thunderstorm cell, the electrical 
activity (production of lightning dischargee and 
generation of an electrostatic field) is closely 
related to the different stages of evolution of 
the cell and to the thunderstorm severity. The 
electrical activity of a thunderstorm can in 
consequence be used for achieving thunderstorm 
early detection and lightning hazard early 
warning, and for evaluation of potential 
thunderstorm hazards. 

The SAFIR system main detection technique is the 
long range interferometric localization of 
thunderstorm electromagnetic activity; the 
eyetem performs the localization of intra-cloud 
and cloud to ground lightning discharges and the 
analyeis of the characteristics of the activity. 


Applications and capabilities of the SAFIR 
technique in the field of thunderstorm monitoring 
and lightning warning can be summarized as follow: 

High efficiency detection end monitoring 
capabilities - SAFIR can locate VHF sources 
present in all types of lightning discharges 
(intra-cloud and cloud-te-grcund} , and can 
therefore locate and monitor the total lightning 
activity of a thundercloud. The additional 
detection of intra-cloud activity usually 
represents a three-fold to ten- fold improvement in 
monitoring efficiency, it has been observed to 
reach a hundred fold in some cases of severe 
thunderstorm. 

early lightning warning capability 
Detectabla at long range, intracloud discharges 
sre the first signs of the electrical development 
of a thunderstorm. 

By localizing thsse dischargas SAFIR can provide 
early warning of thunderstorm developments and 
lightning hazards before the first cloud to ground 
discharges. Warning delays between first ic and 
first CG range from 5 to 30 minutes. 

‘ i 

mapping and monitoring of electrically active 
hazard areas - Lightning dischargee can extend 
over distances of several tens of kilometers, the 
localization and monitoring of these discharges 
snables the system to delimit the real extension 
of electrically active areas and to estimate the 
potential lightning hazard levels on the ground 
and in the air. In conjonction with previous 
capabilities the system is able to precisely 
analyse the stage of development of the 
thunderstorm and can project at short term its 
evolutions in space and time to give a 
previsionnal mapping of lightning hazard areas. 

potential for the aeeeaaent of eevere thunderstorm 
hazards - A close correlation exists between the 
convective state and severity of the thunderstorm 
and the characteristics of its lightning 
activity. Maximum vertical development of the 
thundercloud coincides with the maximum in total 
flash rate. The severe phenomena occur ing at 
ground level during the thunderstorm decay such 
as maximum cloud to ground flash rate, intense 
precipitations, strong downbursts, have been 
observed to occur 5 to 10 minutes after the peak 
in 1C flash rate (Williams at. al., 1986). 
Real-time localization and monitoring of total 
thunderstorm activity is thus a potential tool 
for the assessment of weather hazards produced by 
thunderstorms. 

SAFIR SYSTEM ARCHITECTURE 

A SAPIR system basic configuration is made of 3 
detection stations and a central processing 
station (Figure 3). Each detection station 
performs the Interferometric angular localization 
of lightning discharges. Data are transmitted to 
the central station where the spatial locations of 
discharges are calculated by triangulation 
technique 
i 

The central station performs the real-time 
monitoring and analysis of the activity and 
displays the hazard maps and warning informations. 
These informations can then be transmittec 
automatically or on request to remote display 
terminals. 
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Fig 3: SAFIR sy3tem typical configuration 
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Typically, the coverage of the system is 300 by 
300 km, the distances between stations can range 
from 20 to 100 km according to applications, and 
the locating accuracy is between a few hundred 
meters and five kilometers depending on the Byatem 
configuration and the lightning location. 

OPERATIONAL FUNCTIONS 

The main real time operational functions of the 
SAFIR system are presented on a graphic display 
(fig 4), they include; 

-localisation of lightning discharges; 
discharges are displayed on background maps with 
color coding of their characteristics and time of 
occurence 

-napping of electrically active hazard areas; 

the activity level is color-coded within pixels 
of 2x2 km, evaluation is based on the real time 
analysis of the spatial and temporal 
characteristics of lightning activity. 

-provisional mapping of electrically active hazard 
areas and automatic warning ; the real time 
processing function dstects and tracks 
elsctrically activs calls, the activity is 
analysed within each cell and a mapping of short 
term projections of thunderstorm position and 
intensity ie provided (typically up to 30 min). 
For sensitive sites, the system calculates 
warning informations and can warn automatically 
the user of an approaching danger. 

All data are stored for analysis. Post processing 
enables the user to perform statistical analysis 
on the electrical activity in order to 
characterize lightning hazards on a site or over 
a whole region. 



EXAMPLES OF THUNDERS XURH SITUATIONS. 

These examples illustrate the functions and 
performances of the system. 

The first situation (figure 5) is a thunderstorm 
which occured in the SW of France in july 1989. 

The local meteorological situation is 
characterized by a strong convective activity and 
a violent advectlon to the North/North-East high 
altitude. On the wind profile we 
can note very high wind velocities above 3000m up 
to 85 knots at 7000m. 

This thunderstorm propagates over a distance of 
140 km at an average speed of lOOkm/hour. it 
produces a total number of 867 llgtnlng flashes 
among which 13 are cloud-to-ground strokes. The 
time delay between the first intra-cloud lightning 
and the first cloud-to-ground lightning ie 28 
minutes . 

This particular example illustrates two of the 
principal features of the SAFIR system : 

The early lightning warning function before 
cloud-to-ground activity, and the monitoring 
capability mainly based on the location of 
intra-cloud activity. 

An additional application ia the assessment of 
severe weather hazards associated to a 
thunderstorm. This particular thunderstorm, though 
giving only a small number of cloud to ground 
discharges, produced heavy precipitations and 
caused important destructions on the ground. The 
plot of its lightning flash rate is presented in 
figure SB together with its maximum radar 
reflectivity and its total radar reflectivity. 
Peaks in maximum radar reflectivity occur, 5 to 10 
minutes after the peaks in the flash rate, and the 
total precipitation reaches itB maximum 35 minutes 
after the time of maximum flash rate. 


Lightning rate Reflectivity (mm/h) 



Fig 5: 


A - Location of lightning discharges 
B - Evolution versus time of the total flash 
rate, the peak radar relectivity and the 
total radar relectivity of the thunderstorm 
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OPERATIONAL APPLICATIONS 


The second situation was observed in aprii 1989 in 
ths South-Weet of Francs * 

The thunderstorm preaented in figure 6A lasted for 
1H 30mn and moved 9 lowly to the North over a 
distance of about 40 km. It produced 105 lightning 
flashes with 39 cloud to ground strokes. 

Figure 6B presents separately the temporal 
evolutions of intra-cloud and c loud-to-ground 
flash rates. We can note that the warning delay is 
27 mn between first IC and first CG; equaly 
remarkable is the 5 mn time delay between peaks 
in IC activity and peaks in CG activity which 
again appear in good agreement with the typical 
thunderstorm phenomenology. Both results confirm 
the IC activity as an effective solution for CG 
flashes warning. 


Several thunderstorms were observed on the same 
day in the same meteorological situation. Time 
delays between first IC and fir 9 t CG ranged 
between 8 minutes to 31 minutes. 





fig 6A: Location of lightning discharges 



fig 6B : Evolution versus time of CG and 

IC flash rates 


Safir is already in oparation at tha European 
Space Center in Kourou, French Guiana. A second 
system is i n use at the "Centre d'eesais dee 
Landes", a flight test center in the southwest of 
France . 

Early lightning warning and thunderstorm 
monitoring functions have applications for the 
safety and efficiency of ground and airborne 
operations. Applications on the ground range from 
the management, protection and maintenance of 
telecommunication and power networks to decision 
making and active lightning protection for 
industrial and military sites. 

For civil and military aerospace activities, the 
system in an important component in ensuring 
in-flight safety of launch vehicles and aircrafts; 
principal applications are for space centers, 
test ranges, and airports, where its lightning 
warning and thunderstorm monitoring capabilities 
aids in terms of air-traffic control and safety. 


References 


KREHBIEL (P.); 

"The electrical structure of thunderstorms ", 

Studies in Geophysics. The E arth Electrical 

Environment. National Academy Prees, 19B6. 

LABAUNE (G.), RICHARD (P.) and BONDIOU (A.); 
"Electromagnetic properties of lightning channels 
formation and propagation , 

Electrom agnetics . Special ieeue on Ligntning, 
1968. 

RICHARD (P.), DELANNOY (A.), LABAUNE <G.) and 
LAROCHE ( P . ) ; 

Results of spatial and temporal 
characterisation of the VHF-UHF radiation of 
lightning ", J. Geo ohyi, Res. . 91, Dl, January 20, 
1986. 

WILLIAMS (E.R.), WEBER <M.E.) and ORVILLE (R.E.); 
"The relationship between lightning type and 
convective etate of thunderclouds" , 8th 

IntgrnftUqnfll Conferenc e on ^Atmospheric 

Electricity. Uppsala, Sweeden, iune 1988. 


22-6 



